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Introduction 

This paper summarizes recent experimental results on 
charmed baryons, as presented at the Third International 
Workshop on Charm Physics, 20-22 May 2009, Heidel- 
berg, Germany |1|. Two main topics are covered: first, the 
spectroscopy of charmed baryon states; second, the pro- 
duction of charmed baryons in the decays of B mesons and 
from the e+e~ continuum. 

Spectroscopy 

There has been a steady progression of results on 
charmed baryon spectroscopy from the e+e^ B-factories 
BABAR |4| and Belle |5| in recent years, building on the 
foundations laid by CLEO, FOCUS, E687, ARGUS, and 
others |6|. We summarize new and interesting results for 
Yic, Sc, and then ftc states. 

Ec states 

BABAR has recently published a study of the decay 
B- A+pTT- in a sample of 383 x lO^ T(4S') BB 
decays QE) measuring B{B- A+pTr") = (3.38 ± 
0.12 ± 0.12 ± 0.88) X 10"'' 10. This value is somewhat 
larger than the previous Belle result of (2.01±0.15±0.20± 
0.52) X 10"-* from 152 x 10*^ T{AS) -> SB decays |8|. 
Both papers see clear signals for B^ S]c(2455)°p in the 
Dalitz plot, but a small or no signal for B^ — > Ec(2520)°j5. 
Both papers also observed a A+p threshold enhancement, 
discussed later. In addition, BABAR noted a broad, sta- 
tistically significant (5.8a) peak in A+tt^ which is well- 
described by a relativistic ZJ-wave Breit-Wigner with mass 
2846 ± 8 MeV/c^ and width 86j:22 MeV, as illustrated in 
Fig. [T] This region of the Dalitz plot is populated in the 
Belle data, but it is not clear whether a significant structure 
with the same parameters is present. The closest known 
resonance is the I]c(2800)° (9]: the widths are consistent 
but the mass obtained by BABAR differs from the nomi- 
nal value, 2802 ± 4 ± 7 MeV/c^, by around three standard 
deviations. This difference is intriguing but not conclusive. 
An updated study by Belle with their large T(45) dataset 
could settle this question and establish whether BABAR 
saw the Sc(2800)° with a downward fluctuation in mass or 
an entirely new state. 

BABAR also used the large B^ ^ Sc(2455)°p signal to 
determine the spin of the Sc(2455)"; the state is predicted 
to have = 1/2+ in the quark model but neither quantum 
number has been measured. BABAR performed an angular 
analysis of the decay under the assumption that J(A+) = 




m^^, (GeV/c^) 

Figure 1: The ?7i(A+7r^) invariant mass distribution from 
B A+pTT^ data at BABAR, using a likelihood weight- 
ing technique to suppress background. From 17J. 

1/2, testing the data for consistency with a spin of 1/2 or 
3/2 for the Ec(2455)". Defining the heUcity angle 9h as 
the angle between the momentum vector of the A+ and the 
momentum vector of the recoiling B-daughter p in the rest 
frame of the Ec(2455)°, the expected angular distributions 



J(I]c(2455)°) = 1/2 
J(Sc(2455)°) = 3/2 
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The measured helicity angle distribution, shown in Fig. |2] 
is found to be consistent with spin- 1/2 but inconsistent with 
spin-3/2 by more than four standard deviations. 

Ec states 

There has been a flurry of results on new Sc states 
in the past three years, beginning with the first obser- 
vations of the Sc(2980) and Sc(3077) isodoublets by 
Belle in the A^K'tt^ and AcK 7r+ final states with 
462 fb^'^ of data ifTol . These were subsequently confirmed 
BABAR 1 1 y, who also reported two other possible struc- 
tures, denoted 2^(3055)+ and E;c(3123)+, in 384 fb^^ of 
data. Belle has also observed the Sc(2980) in the final 
states Sc(2645)°7r+ and Sc(2645)+7r~ in a separate study 
of 414 fb^'^ of data lfT2l . The current understanding of 
these states is summarized below. The resonance parame- 
ters are given in Table [T] 

The 5c (2980) resonances are now well-established, hav- 
ing been seen with large significance in more than one final 



Table 1: Results on new 2c resonances. The mass, width, and (where given) statistical significance are listed. 
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Figure 3: Invariant mass distributions for (a) 
Sc(2645)"7r+, and (b) Sc(2645)+7r-. The 2^(2815) 
and Sc(2980) isodoublets are visible. From llT2l . 



Figure 2: The helicity angle distribution for Sc(2455)" 
candidates in i? ^ A+p7r^ data at BABAR. From |7|. 



state. In the discovery mode, A+Xtt, the state is close to 
the kinematic threshold of 2920 MeV/c^ — and as noted by 
BABAR, approximately half of the A+ii'Tr decays proceed 
via an intermediate I]c(2455), for which the threshold is at 
2950 MeV/c^. The fit is therefore sensitive to the details 
of the assumptions made about the signal lineshape, the 
fraction of decays proceeding via a I]c(2455), and the be- 
haviour of the background near threshold; this led to mildly 
inconsistent results for the mass and width from Belle and 
BABAR. The final state Sc(2645)7r, reported by Belle and 
shown in Fig.|3] is well above threshold and does not suffer 
from these complications; it also has a much lower back- 
ground rate and does not require reconstruction of a Kg for 
either isospin partner 

The narrow Sc(3077) resonances are also well- 
established: both isospin states have been seen clearly by 
Belle and BABAR, and there is good agreement about the 
masses and widths. BABAR has shown that most (if not 
all) of the decay proceeds via the quasi-two-body processes 



Sc(3077) ^ Ec(2455)7r and 5c(3077) Ec(2520)7r 
with roughly equal branching fractions. 

The Sc(3055)+ and Sc(3123)+ structures have been re- 
ported by BABAR in the A+i4r^7r+ final state only with 
statistical significances of 6.4 and 3.0 standard deviations, 
respectively; they have not yet been confirmed by Belle. 
The structures are not visible above background in the in- 
clusive A+if ~7r~ mass spectrum but emerge when requir- 
ing that the A+7r~ invariant mass lie in a narrow win- 
dow around the 1:^(2455)° (for the Sc(3055)+) or the 
Ec(2520)" (for the 2^(3123)+). 

BABAR has also searched the inclusive A+iiT and 
A+/f vr+TT^ invariant mass spectra for evidence of further 
narrow Sc states but did not find any significant structure 
above the background. 

There is one other candidate for a new Sc state, seen by 
BABAR in an analysis of A+A^A'^ in a sample 

of 230 X 10*^ T(4S') ^ SB decays |13|. The Dalitz plot, 
shown in Fig. ID is clearly inconsistent with a phase-space 
distribution and is consistent with a dominant contribution 
from a single S" resonance with mass 2931±3±5 MeV /c^ 
and width 36 ± 7 ± 1 MeV. However, this structure has 
not yet been confirmed by Belle. The B decay mode it- 



self was first observed by Belle in a sample of 386 x 10® 
T(4S') BB decays |14|; the publication included the 
A+ invariant mass spectrum as part of a search for char- 
monium states but not the full Dalitz plot or the A+X" 
projection. 
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Figure 4: Reconstructed i?^ ^ A+A^iiT^ candidates, 
showing a DaUtz plot (upper) and the A+iiT^ invariant 
mass distribution (lower). Data from the signal region are 
shown as black points; signal from a phase-space simula- 
tion are shown as small grey points in (a) and as a histogram 
in (b); and data from a mass sideband region are shown as a 
shaded histogram in (b), normalized to the expected back- 
ground in the signal region. From ifTSl . 



Q.C states 

The weakly-decaying ground state has been estab- 
lished for more than a decade [6'|, but until recently its 
properties had only been measured with a handful of 
events. Both BABAR and Belle have now published stud- 
ies with large statistics, confirming and expanding upon 
previous results. BABAR has reported the first observa- 
tion of production in B meson decays with an inclusive 
method, as shown in Fig.|5] along with measurements of ra- 
tios of branching fractions with much improved precision 
in 231 fb^^ of data [15 |. In addition. Belle has made a new 
measurement of the il^ mass with 673 fb~^ of data lfT6J . 
obtaining m{nl) = 2693.6 ± O.S^i J MeV/c^. 
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Figure 5: The inclusive momentum spectrum of 
baryons in e+e^ data at y/s k, 10.6 GeV/c. The data 
show two peaks: the one at higher momentum is due to 
il^ production in continuum events, and the one at lower 
momentum is due to the decays of B mesons. The his- 
togram shows the Bowler fragmentation function, fit to the 
data above 2 Ge V / c. From \\5i . 



The quark model predicts two Oj? ground states: a lower- 
mass octet state with = 1/2+ and a higher-mass de- 
cuplet state with = 3/2+. This higher-mass partner 
was observed by BABAR[ 17 1 and confirmed by Belle 1.161 
(Fig. 16); this completes the experimental discoveries of all 
C = 1 ground states predicted by the quark model. The 
mass splitting between the two fie partner states AM is 
measured to be: 

BABAR: AM = 70.8 ± 1.0 ± 1.1 MeV/c^ 
Belle: AM = 70.7 ± 0.9tol MeV/c^, 

with excellent agreement between the two experiments. 
Since AM is less than the pion mass, there is no allowed 
strong decay for the heavier partner state and it therefore 
decays electromagnetically to ft'^j. 

From the constituent quark model lITSll . we would expect 
other octet-decuplet mass splittings, m(Sc(2645))— TO(S'g) 
and m(Ec(2520)) - m(i;c(2455)), to be comparable to 
the ftc splitting but with some variation due to broken 
SU (3) symmetry entering via the spin-spin coupling term. 
It is interesting just how small the variation is; averaging 
over the isospin states and assuming the uncertainties to be 
systematics-dominated, the current data give: Q 



m(Se(2645)) - m(S^) 
m(Ec(2520)) - m(Ec(2455)) 



69.5 ± 3 MeV/c^ 
64.3 ± 0.5 MeV/c^. 



Production of charmed baryons 

The production of baryons in e+e^ interactions and 
meson decay is still a subject of active study. Charmed 
baryons provide an excellent laboratory for probing baryon 
formation, especially at the e+e^ i?-factories where they 
are produced copiously. 
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Figure 6: Invariant mass spectra of ric7 at BABAR in 
231 fb-i (upper) and Belle in 673 fb"^ of data (lower). 
The ftc{277Q)° resonance is visible in each plot. From ITTJ 
andHa. 



Two-body B decays to baryons 

It has been known for many years that B mesons de- 
cay to baryons at a significant rate, with a branching 
fraction of approximately 7% [19|. However, individual 
decay modes — especially two-body and quasi-two-body 
modes — have been challenging to observe. The reason for 
this is two-fold. First, the branching fractions are often (but 
not always) small, e.g. A+p) = (2.0 ± 0.4) x 

10-'\ and pp) < 1.1 x 10"^ at the 90% confi- 

dence limit l6). Second, non-CKM-suppressed decays in- 
volve a charmed particle which must be reconstructed, im- 
plying another factor of C'(few%) in the yield due to the 
charm branching fraction. 

One notable exception to the first point is — > E'^A'^, 
which was observed by Belle in an analysis of 386 x 10^ 
T(4S') BB decays ll20l (along with evidence for its 
isospin partner mode B~ — > S°Aj) and confirmed by 
BABAR with a sample of 230 x 10^ T(45) BB de- 
cays |13|. They obtained the following values for S(_B^ 



S°A-) X BiE\ 



(4.8to:[^±0.9±1.0) X 10-5 



Belle: 

BABAR: (2.1 ± 0.7 ± 0.3 ± 0.5) x 10"^ 



experimentally but is expected to be of order 1-2% ||2TI . 
which would imply S(i3- — > S"A^) ^ 1 x lO^'^. This is 
large compared to other two-body baryonic decay modes, 
although still smaller than corresponding mesonic decay 
modes (e.g. B{B- D^) = (1.0 ± 0.2)% IS)). 

Threshold enhancements in B decays to baryons 

One explanation for this pattern is that producing a 
baryon-antibaryon pair with large energy release (i.e. 
where the baryon and antibaryon have large relative ve- 
locity) is kinematically suppressed, since such a reaction 
requires two hard gluons ll22l l23l . This turns the usual 
intuition on its head: processes with a larger phase space 
have smaller rates. A corollary is that for three-body (or, 
in general, multi-body) baryonic B decays with a large 
energy release, the bulk of the Dalitz plane is kinemati- 
cally suppressed — but not the region close to the baryon- 
antibaryon threshold. This implies a kinematic enhance- 
ment near the threshold. 

Threshold peaks have been seen in a number of bary- 
onic B decays (some illustrated in Fig.|7]) including B^ 
A+p-TT^, B^ — > pp-K^ , B^ ppK~ , B~ AAK~, 
B- Ap7, and 5° ^ pAtt" 17112411^5112611. as well as 
in other decays such as J/-0 pAK~ and J/'0 — *■ pp"i 
Il27ll28l . so there does appear to be a general pattern. How- 
ever, there are other mechanisms which can also cause a 
threshold peak — most obviously a resonance at or just be- 
low the threshold, but also other effects such as final-state 
interactions 1291 l30l |3T1 — so the nature of the structure 
in a particular mode may be more complicated than this. 
There are also modes where no threshold peak is seen even 



though it might be expected, e.g. B 



and 



,(2455)++ 

^0 



i;c(2455)V+ Eal and J/tP ppir^ ll2l . 
The former is illustrated in Fig. [H the Dalitz plot for 
B Sc(2455) °p7r+ in particular is strikingly empty 
close to the baryon-antibaryon threshold. 

Baryon formation in the continuum 

Enhanced rates near a baryon-antibaryon threshold have 
also been seen in e+e^ events with an initial-state radiation 
(ISR) photon. BABAR has measured the effective form 



The value of B{E° 



has not been measured 



factors for pp, A A, S^S] , and AS" close to threshold | 
"341; the distributions are shown in Fig.|9] In each case we 
see a strong enhancement at or close to threshold. 

In the charm sector. Belle has recently reported a 
large structure in e+e" — > A+A^7isr events, shown in 
Fig. lT0ll 35J . They note that the nature of the enhancement 
is unclear, but that it can be described by an 5-wave rel- 
ativistic Breit-Wigner with mass 4634^7^8 MeV/c^ and 
width 92^24^21 MeV. It seems quite plausible that this is 
one of the many charmonium and charmonium-like states 
above the DD threshold ||6l. In particular, it may be the 
F(4660) seen previously in e+e" — > {J/'4'TT~^7r~)jisR 
events IlSl with mass 4664 ± 11 ± 5 MeV/c^ and width 
48 ± 1 5 ± 3 MeV; the modest discrepancy in parameters be- 
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Figure 7: Threshold enhancements. The upper plot 
(from 171) shows the projected amplitude squared for 
B~ A+pvr^ decays near threshold after efficiency 
correction, background subtraction, and correction for the 
three-body phase space. The middle plot (from [24|) shows 
the differential branching fraction for 5+ ppn'^; the 
shaded/yellow bands indicate the two principal charmo- 
nium regions and the solid curve is a theoretical predic- 
tion |23|. The lower plot (from 1 261 ) shows the differ- 
ential branching fraction for AAK^; the dashed 
lines indicate the two principal charmonium regions, and 
the solid histogram is a phase-space simulation. The anal- 
yses were performed on samples of 383, 449, and 657 x 10^ 
T(4S') BE decays, respectively. 
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Figure 8: Dalitz plots for i? ^ Ec(2455)++p7r" (upper) 
and B I]c(2455)''p7r+ (lower). The black points rep- 
resent the data and the yellow/light points are simulated ac- 
cording to three-body phase space. A sample of 388 x 10^ 
T(45) BB decays were used. From |32|. 
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Figure 9: The effective baryon form factors as a function 
of baryon-antibaryon invariant mass, measured with ISR 
events in a sample of 230 fb^^ of e+e^ data. From ll34l . 
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Figure 10: The exclusive process e+e^ A+A^, mea- 
sured in e'^e~ — > A+A~7isr events. Plot (a) shows the 
A+ Aj invariant mass spectrum for events with a p tag that 
lie in the signal region (points) or A+ sidebands (shaded 
histogram). The dot-dashed, dashed, and solid curves rep- 
resent combinatoric background, a threshold function, and 
an 5-wave relativistic Breit-Wigner function cumulatively. 
Plot (b) shows equivalent events from the background re- 
gion. The lower plot shows the corresponding cross-section 
for e~^e^ A+A~ (after correcting for background, effi- 
ciency, and the differential ISR luminosity). Errors shown 
are statistical only. 695 fb^^ of data were used. From |35|. 



tween the two measurements may be due to differing form 
factors for the two final states |37|. 

The kinematic favourability of forming baryon- 
antibaryon pairs with small relative velocity is certainly 
not a new discovery or unique to low-energy interactions; 
it was noted at LEP-I, for example, that correlated pp, AA, 
and Ap pairs peak at small values of the rapidity difference 
I Ay I |i38,l39J and are predominantly produced in the same 
jet. 

This is not universally true, however. In 13.6 fb^^ of 



e+e^ data at y/s ^ 10.6 GeV, CLEO studied a sample 
of continuum events containing both a A+ and a A~ ||40| . 
(A momentum cut on the A+ was used to exclude those 
baryons produced in B meson decays.) As illustrated in 
Fig. [TT] the charmed baryons in these events are strongly 
peaked towards cos 6 = —1, i.e. with the baryons in oppo- 
site hemispheres. Broadly, there are three possible classes 
of such events: 

1. Events in which the two charm jets fragment inde- 
pendently with one producing a A+ and a light an- 
tibaryon and the other producing a A'^ and a light 
baryon. Baryon number is conserved in each jet, and 
the invariant mass of and rapidity gap between each 
baryon-antibaryon pair are small. 

2. As (1), except that the fragmentation of the two jets 
is correlated such that producing a A+ on one side 
makes it more likely that a A~ is produced on the 
other side. Again, baryons are produced in pairs 
which have invariant mass close to theshold, and 
baryon number is conserved locally. 

3. Events with primary baryon production that contain 
no baryons besides the A+ and A~. Baryon number 
is not conserved in each jet and the baryon-antibaryon 
pair is far from threshold. 

CLEO ruled out the first class as the sole source of the 
events observed, since the rate was approximately 3.5 times 
higher than would be expected given independent fragmen- 
tation. Qualitatively, they looked for additional protons in 
the event and did not find signal; this disfavours the second 
class (since those events have two additional light baryons) 
but does not exclude it. 

BABAR has made a preliminary study of this process 
with 220 fb^^ of data [41 1. They see an excess of A+A^ 
events by a factor of 4, confirming the CLEO observa- 
tion. In addition, they find that most of the events seen 
have zero additional identified protons, such that the rate 
seen is consistent with that expected from material interac- 
tions and from misidentification of other charged particles 
(Fig. n^ a)). Further, when plotting the missing mass dis- 
tribution of the event (after subtracting the momenta of the 
A+, A^, and any reconstructed tracks), they find that most 
events have well below 2 GeV / of missing mass, and are 
therefore inconsistent with containing a baryon and an an- 
tibaryon that are not reconstructed or are misidentified as 
pions (Fig. [T2l" b)). While some contribution from classes 
(1) and (2) is not ruled out, this implies that class (3) is the 
dominant effect. 

Conclusions 

There has been a great deal of progress in charmed 
baryon spectroscopy recently, and the high statistics of 
Belle and BABAR are still uncovering new states. The use 
of B meson decays to study resonant states in a fully exclu- 
sive environment is a particularly powerful tool; hopefully 
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Figure 11: The production angle distribution between 
various combinations of charmed baryons and charmed 
mesons. In each case, the charmed particles are approxi- 
mately back-to-back. From BOl . 
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Figure 12: Background-subtracted distributions for events 
containing A+A^: (a) the number of additional tracks, 
identified K^, and additional identified p/p; and (b) the 
missing mass, with imaginary masses given negative real 
values. Most events have no identified or p/p amd the 
corresponding zero-multiplicity points are off the vertical 
scale in (a). Preliminary BABAR result — see [41] . 



it will be extended beyond the I]c(2455) to measure the 
quantum numbers of other baryon states. 

There are also a number of results finding evidence for 
threshold enhancements in multi-body baryonic decays. 
The overall pattern is not clear here, particularly given the 
absence of an enhancement in some modes. We look for- 
ward to further experimental data and to input from phe- 
nomenology to help understand these structures. 
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